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ABSTRACT, 
scatter of Venus measured i n  t h e  course of r a d i o  loca t ion  
o f  t h a t  p l ane t  from t h e  e a r t h  i n  t h e  cent imeter  and decimeter  
ranges ,  Taking i n t o  account chemical composition and t h e  
temperature  and p res su re  l e v e l  p r o f i l e s  t h a t  were secured 
du r ing  t h e  course of expefiments on t h e  i n t e r p l a n e t a r y  s t a t i o n s  
W m u s  4", "Venus 5", ?'Venus 6 " ,  and "Venus 7", a c a l c u l a t i o n  
of t h e  weakening and r e f r a c t i o n  of r ad io  waves i n  t h e  atmosphere 
of t h e  p l ane t  was c a r r i e d  o u t .  This made it p o s s i b l e  t o  draw 
diagrams of  t h e  back- sca t t e r  of t h e  s u r f a c e  of  Venus and t o  
compute t h e  mean quadra t i c  angles  of i n c l i n a t i o n  of t h e  su r face ,  
CJ on, t h e  b a s i s  of  a s e r i e s  of  10 wavelengths i n  t h e  range 

As A rises wi th in  t h i s  range,  aa diminishes 

The p resen t  s tudy  examines diagrams of t h e  back- 

a' 
= 3.8:70 cm. 

from 7.0 t o  4 ,4 ' ,  

/ 3* I .  In t roduct ion  -- 
-I > , \ . a '  

The f l i g h t s  of automatic  i n t e r p l a n e t a r y  s t a t i o n s  t o  Venus have made it 

poss ib l e  t o  g a i n  a b e t t e r  understanding of t h e  sha rp  change, with length  of 

wave, i n  t h e  c h a r a c t e r i s t i c s  of t h e  i n t r i n s i c  radiothermal  r a d i a t i o n  and 

scattering of r a d i o  waves by t h a t  p l a n e t .  

studies (for example [ l -31)  t h a t  t h e  sharp drop i n  radio-luminance temperatures ,  

ant$ afsq t h e  reduct ion  of  t h e  e f f e c t i v e  f i e l d  of sca t te r  of  t h e  p l a n e t  a t  

wavelengths s h o r t e r  than  6 cm, are due t o  t h e  in f luence  of t h e  dense atmosphere 

It has been shown i n  a number of 

Q8 VePUS. 

Measurements of t h e  chemical composition, temperature ,  and p res su re  of t h e  

atpoqphsre performed by t h e  Sovie t  automatic s t a t i o n s  "Venus 4", "Venus 5", 

and fVenus 7" [4-7, 491, and a l s o  d a t a  on process ing  of rad iophys ica l  exper i -  

ments c a r r i e d  out  by t h e  automatic  s t a t i o n  "Mariner 5" [8 ] ,  have made it 

Wtbibers' i n ' t h e  margin i n d i c a t e  pagina t ion  i n  t h e  fo re ign  t e x t .  
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poss ib l e  t ~ ,  create a more t rus twor thy  model of  t h e  atmosphere of Venus [9] .  
This  model, as c a l c u l a t i o n s  have shown, harmonizes well with t h e  r e s u l t s  of 

both radio-astronomical  and r a d i o  ranging  experiments [ l o ,  111. The p o s s i b i l i t y  

has a r i sqn ,  through making use of t h i s  model and of d a t a  on t h e  modeling and 

c a l c u l a t i o n  of  t h e  c h a r a c t e r i s t i c s  of t h e  propagat ion of r a d i o  waves i n  t h e  

gasses  cpntained i n  t h e  atmosphere of Venus, of  a r r i v i n g  a t  a more r e l i a b l e  

eva lua t ion  of t h e  c o n t r i b u t i o n  made by t h e  atmosphere of t h a t  p l ane t  t o  i t s .  

r a d i Q  wave r a d i a t i o n  and i n  t h e  formulat ion of  t h e  s i g n a l  from t h e  Earth re- 
-emit ted by Venus [ l o ,  111. Taking t h e  in f luence  of  t h e  atmosphere i n t o  

account i n  This way enables  one t o  eva lua te  c e r t a i n  c h a r a c t e r i s t i c s  of t h e  

su r face  and o f  t h e  sur face  stratum of t h e  p l a n e t ,  such as t h e  3 d i e l e c t r i c  

p e n e t r a b i l i t y  of t h e  su r face  stratum E, t h e  parameter of hea t  energy y ,  and 

t h e  mean qtradrat ic  angles  o f  i n c l i n a t i o n  of t h e  s u r f a c e  oa. 

We examine below only t h e  last  o f  t h e s e  q u a n t i t i e s  and i t s  dependence 

upon wavelength. 

/4 - 2 ,  Resul t s  of Radio Measurements 

The first a t tempts  t o  apply r a d i o  measurement t o  Venus were made i n  1958 

and 1959. 

energy po tenq ia l  o f  t e r r e s t r i a l  r a d a r ,  

c a r r i e d  out i n  proximity t o  t h e  i n f e r i o r  conjunct ion of Venus i n  1961 on 

wavelengths of 12.5; 43; 68 and 73 cm [17, 19, 2 2 ,  271. Subsequently,  r a d i o  

experiments were cont inued i n  1962, 1964, 1966 and 1967 [ l l - 2 6 ,  411. During 

t h e  course of t h e s e  measurements t h e  fol lowing were determined: 

f i e l d  of scat ter  of t h e  p l a n e t  CJ and i t s  v a r i a t i o n s  upon measurement of t h e  

longi tude  of t h e  p o i n t  be ing  subjec ted  t o  r a d a r ;  t h e  spectrum of t h e  s i g n a l  

re-emit ted;  t h e  diagram o f  back- sca t t e r  B ( 0 ) ;  t h e  d i r e c t i o n  and per iod  o f  

r o t a t i o n  of t h e  p l ane t ;  and t h e  d i s t a n c e  from t h e  Ear th  t o  Venus. 

measurements were c a r r i e d  out  on 11 wavelengths over  t h e  range 3,6 c m  t o  7.85 

meters. 
10 wavelengths, and t h e  diagram of back- sca t t e r  on 4 wavelengths. 

But t h e s e  experiments were no t  success fu l  because of t h e  low 

The f i r s t  r e l i a b l e  measurements were 

t h e  e f f e c t i v e  

These 

In t h i s  process  t h e  e f f e c t i v e  f i e l d  of sca t te r  was determined on 
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The r e s u l t s  of measurements of  5 and B ( 0 )  a r e  shown i n  Table 1 and i n  

Figures  1 and 2 .  A s  w i l l  be seen from Figures  1 and 2 ,  a s  t h e  wavelength 

becomes s h o r t e r  a diminution of  t he  magnitude of 5 and an expansion of t h e  

diagram of back- sca t t e r  t ake  p lace .  

3 .  Attenuat ion and Refrac t ion  of  Radio Waves i n  the  Atmosphere 

The presence of carbon dioxide,  oxygen, and water vapor i n  t h e  atmosphere 

of Venus b r ings  about weakening of  r a d i o  s i g n a l s  being propagated i n  i t s  
atmosphere a s  a r e s u l t  of  t h e  i n t e r a c t i o n  of r a d i o  waves with molecules of 

t he  gasses  i n  ques t ion .  This weakening depends i n  essence upon the  length 

of the  wave, mounting as X becomes s h o r t e r  over t h e  range of  cent imeter  and 

mi l l imeter  waves. In s t u d i e s  [3 ,  111, on the  assumption t h a t  t he  t o t a l  decre-  

ment o f  a t t e n u a t i o n  a e  i s  t h e  sum of t h e  decrements of a t t enua t ion  i n  C02, 02, 

and H 2 0 ,  a c a l c u l a t i o n  was made of  t h e  e n t i r e  v e r t i c a l  a t t enua t ion  vn depending 

on wavelength a t  p re s su re  values  a t  the  su r face  of t h e  p l ane t  up t o  50 

atmosphere [3] f o r  a prel iminary model of t h e  atmosphere cons t ruc ted  on t h e  

b a s i s  of d a t a  from t h e  automatic s t a t i o n  "Venus 4", "Venus S t ' ,  'Venus 6" ,  and 

"Mariner 5" [8]. A s  t h e  c a l c u l a t i o n  showed, t h e  weakening of r ad io  waves i n  

O2 is ,  by reason of i t s  low concent ra t ion  i n  t h e  atmosphere, considerably 

lower than i n  C02 and H 2 0  [ l l ] .  

/5 

In c a l c u l a t i n g  t h e  a t t enua t ion  of r a d i o  waves i n  a column of atmosphere 

not  loca ted  above t h e  po in t  being sub jec t ed  t o  r ad io  loca t ion  it i s  necessary 

t o  take  i n t o  account t h e  augmentation of t h e  length of t h e  path o f  t h e  r a d i o  

beam by reason of t h e  inc rease  i n  t h e  th ickness  of t h e  atmosphere and by reason 

of  r e f r a c t i o n .  

is concen t r i ca l ly  s t r a t i f i e d ,  i n  which connection i n  each stratum o f  th ickness  

Ah. t h e  c o e f f i c i e n t  of re f r ingence  v i  and t h e  v e r t i c a l  a t t enua t ion  A v i  do not  

depend upon t h e  p l a n e t o c e n t r i c  coord ina tes  and t h e  th ickness  of t h e  stratum 
(when a s u f f i c i e n t l y  small th ickness  o f  t h i s  s t ra tum is s e l e c t e d ) .  

of t h e  r ad io  beam and t h e  des igna t ions  adopted a r e  shown i n  Figure 3 .  

is  t h e  angle  of incidence,  a the  r ad ius  of  t he  p l a n e t ,  eo  t he  angle of en t rance  

of t h e  r a d i o  beam i n t o  t h e  atmosphere, A Z i  t h e  l e n g t h ' o f  t he  course of t h e  

In t h e s e  c a l c u l a t i o n s  it has been assumed t h a t  t he  atmosphere 

1 

The course 

Here 0 
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r a d i o  beam i n  t h e  stratum Ahi, E '  t h e  ang le  of r e f r a c t i o n ,  and IJJ t h e  angle  of  

re f r ingence .  

In c a l c u l a t i n g  t h e  c o e f f i c i e n t  of  r e f r ingence  of  r a d i o  waves i n  t h e  atmo- 

sphere one may take i n t o  account only t h e  e f f e c t  o f  carbon d ioxide ,  s i n c e  C 0 2  

is t h e  p r i n c i p a l  component o f  t h e  atmosphere (CO - 9 3  - 97%).  The co r rec t ed  

c o e f f i c i e n t  of  re f r ingenge  - i s  determined according t o  t h e  formula [31]:  
2 '  

N = (n - 1)  106 = K~ T; P l o 6  

/ 6  - where P i s  p res su re  a t  a l t i t u d e  H (atmospheres),  

T i s  temperature  a t  a l t i t u d e  H (degrees Kelvin) ,  

K5 i s  t h e  c o e f f i c i e n t  (degrees Kelvin divided by atmospheres).  

According t o  d a t a  from [31-351, t h e  c o e f f i c i e n t  K5 v a r i e s  wi th in  l i m i t s  0.13 - 
- 14.  In F igure  4 is shown t h e  change curve N with a l t i t u d e  c a l c u l a t e d  

according t o  (1) f o r  t h e  va lue  K5 = 0.13. 

of T and P upon a l t i t u d e ,  as cons t ruc ted  from d a t a  i n  [8 ] .  Reckoning of t h e  

c o e f f i c i e n t  of  r e f r a c t i o n ,  t h e  e n t i r e  length  of t h e  course  of t h e  r a d i o  beam 

i n  t h e  atmosphere L ,  and t h e  e n t i r e  c o e f f i c i e n t  of absorp t ion  of r a d i o  waves TI 

f o r  var ious  angles  of inc idence  was c a r r i e d  out  by c a l c u l a t i n g  t h e s e  parameters 

f o r  a stratum Ah loca ted  a t  an a l t i t u d e  H, and then  i n t e g r a t i n g  t h e  r e s u l t s  

according t O  a l t i t u d e .  

p l a n e t ,  a ,  was taken t o  be 6,054 km, which is  c l o s e  t o  t h e  maximum value d e t e r -  

mined from t h r e e  r a d i o  measurements (a = 6,053, 2 ? 1, 3) [36, 37, 47, 481. 

The c a l c u l a t i o n  was c a r r i e d  out f o r  a maximum a l t i t u d e  o f  atmosphere H = 100 km 

with Ah e q u a l l i n g  0.25; 0.05; 0.1; 0 .2  and 0,s km. As t h e  c a l c u l a t i o n s  showed, 

changing t h e  i n t e r v a l  of i n t e g r a t i o n  from Ah = 0.025 km t o  Ah = 0.5 km (by 

20 t imes) wi th  0 = 76' l e d  t o  inc rease  t h e  length  o f . t h e  course f o r  an a l t i t u d e  

H = 100 km by 0.2%, and wi th  8 = 0' t h e  inc rease  i n  t h e  length  of  t h e  course 

came, a t  H = 100 km, t o  AL = 0.60 cm, 

The same diagram shows t h e  dependence 

In t h e s e  c a l c u l a t i o n s  t h e  va lue  f o r  t h e  r a d i u s  o f  t h e  

The formulas according t o  which t h e  c a l c u l a t i o n  was c a r r i e d  out  are t h e  

fol lowing (see Figure 3 ) :  
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The values  f o r  ae were c a l c u l a t e d  i n  accordance 

ae i n  accordance with [39 ] ,  t ak ing  i n t o  account 

upon a l t i t u d e  H [8] f o r  lengths  of waves from 8 mm 

c02 

H2° 

with [38], and those  f o r  

t h e  dependence of  P and T 

t o  15 cm. The r e s u l t s  of  

t h e  c a l c u l a t i o n s  are s e t  f o r t h  i n  Figures  5,  6 ,  and 7 ,  where t h e  dependences 

of t h e  c o e f f i c i e n t  of  r e f r a c t i o n ,  t h e  length of t he  course of t h e  r a d i o  beam, 

and t h e  e n t i r e  a t t e n u a t i o n  o f  r a d i o  waves of t h e  millimeter and cent imeter  

ranges upon t h e  angle  of e n t r y  i n t o  t h e  atmosphere (e,) are shown. 

As one may see from t h e  f i g u r e s  r e f e r r e d  t o ,  a t t e n u a t i o n  inc reases  sha rp ly  

with sho r t en ing  of  t h e  wavelength and with inc rease  of t h e  angle  of e n t r y  o f  

t h e  r a d i o  beam i n t o  t h e  atmosphere, s i n c e  with t h i s  i nc rease  t h e  length  of t h e  

course of t h e  r a d i o  beam i n  t h e  atmosphere r i ses ,  

of the  course comes t o  20 wi th  an angle  of e n t r y  i n t o  t h e  atmosphere eo = 82". 

(hyper - re f rac t ion  a r i s e s  a t  €lo = 82"12' f o r  P = 100 atmospheres),  

The inc rease  i n  t h e  length  
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4. Mean Quadrat ic  Angles of Surface I n c l i n a t i o n  

Carrying ou t  a combination o f  t h e  diagrams o f  back- sca t t e r  of t h e  p l ane t  

Bn(0) and o f  t h e  dependence of e n t i r e  a t t e n u a t i o n  upon the  angle  o f  e n t r y  of  

r a d i o  waves i n t o  t h e  atmosphere, f o r  t h e  same lengths  of waves, one can 

determine the  diagram of b a c k - s c a t t e r  of  t h e  s u r f a c e :  

- 2  

In doing t h i s  one must b e a r  i n  mind t h e  f a c t  t h a t  t h e  diagrams of back- sca t t e r  

of t h e  p l a n e t  are measured r e l a t i v e  t o  t h e  angle  o f  entry of r a d i o  waves i n t o  

t h e  atmosphere, eo, and t h e  diagrams o f  back- sca t t e r  of t h e  s u r f a c e  of t h e  

p l ane t  must b e  r e l a t e d  t o  t h e  angle  of  inc idence ,  8 ,  which i s  equal  t o :  

/ 8  where AO = c s  and is  c a l c u l a t e d  according t o  formulas (1-5).  - 
Such c a l c u l a t i o n s  were c a r r i e d  out f o r  wavelengths A = 3 . 8  and 12.5 meters,  

and f o r  these  wavelenghts diagrams of  back- sca t t e r  o f  t h e  su r face  were secured 

(see Figure 8) .  A t  longer  wavelengths (A = 2 3  and 70 cm) t h e  e f f e c t  of t h e  

atmosphere upon t h e  propagat ion o f  r a d i o  waves i s  i n s i g n i f i c a n t ,  and f o r  t h a t  

reason t h e  diagrams of back- sca t t e r  of t h e  s u r f a c e  at  t h e s e  lengths  of wave are 
i d e n t i c a l  wi th  t h e  diagrams of b a c k - s c a t t e r  of  t h e  p l ane t  ( r e f r a c t i o n  be ing  

taken i n t o  account) .  

infamation regard ing  t h e  propor t ions  of i t s  h e t e r o g e n e i t i e s ,  both l a rge - sca l e  

and small-scale ( r e l a t i v e  t o  t h e  length  of t h e  wave o f  t h e  i r r a d i a t i n g  f low).  

The l a r g e - s c a l e  h e t e r o g e n e i t i e s  are t h e  cause of t h e  quas i - specular  component 

of  t h e  t r a n s r a d i a t e d  signal, and t h e  small-scale ones produce t h e  d i f f u s e l y  

s c a t t e r e d  s i g n a l .  

The diagram of back- sca t t e r  of t h e  surface fu rn i shes  

The method f o r  s e p a r a t i n g  t h e  s i g n a l  t r a n s r a d i a t e d  by t h e  complicated 

s u r f a c e  i n t o  d i f f u s i o n  and t h e  quas i - specular  component has been d iscussed  i n  

a number o f  s t u d i e s  [40-433, i n  which it has been shown t h a t  t h e  r e s u l t  of t h e  

sepa ra t ion  depends upon t h e  r u l e  s e l e c t e d  f o r  d i s t r i b u t i o n  of  unevennesses 

a long t h e  su r face ,  and upon t h e  r u l e  f o r  d i s t r i b u t i o n  o f  he igh t s  of unevennesses 
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r e l a t i v e  t o  t h e  mean s u r f a c e  o f  t h e  p l a n e t .  We made t h e  assumption t h a t  t h e  

d i f f u s i o n  component of  t h e  t r a n s r a d i a t e d  s i g n a l  i s  s u b j e c t  t o  Lambert's law, 
which has f o r  a sphe r i ca l  su r f ace  t h e  form: 

and t h a t  t he  quas i - specular  component is condi t ioned by r e f l e c t i o n  from f l a t  

laminae, disposed a t  random r e l a t i v e  t o  t h e  mean s u r f a c e ,  and having dimensions 

exceeding t h e  length of t h e  wave, d i s t r i b u t i o n  of  t h e  i n c l i n a t i o n s  of t hese  

being s u b j e c t  t o  Gauss's law: 

where ocl i s  t h e  mean q u a d r a t i c  angle  of i n c l i n a t i o n  of the  l a rge - sca l e  uneven- 

nesses .  

According t o  Hagfors [44] t h e  quas i - specular  component of  t he  diagram of 
back- sca t t e r  of a su r face  may b e  r ep resen ted  i n  t h e  form: 

I 

where 

2 i s  the  rad ius  of c o r r e l a t i o n  of  t h e  l a rge - sca l e  he t e rogene i t i e s ,  and Hn 

The parameter 
i s  d i r e c t l y  l inked wi th  t h e  value o f  t h e  mean q u a d r a t i c  angle  of i n c l i n a t i o n  

is the  mean quadra t i c  h e i g h t  of t he  Parge-scale  h e t e r o g e n e i t i e s .  

C 3 

For t h i s  reason, once one has determined from t h e  experimental  diagram of t h e  

back- sca t t e r  of  t he  p l ane t  Bn(0) the  diagram of t h e  back- sca t t e r  of t h e  su r face  

of t h e  p l ane t  B ( O ) ,  and once one has i s o l a t e d  from it t h e  quasi-specular  

component B3(0). one can select an approximating curve s u b j e c t  to r u l e  (14) 

with an appropr ia te  value f o r  Cg' One may t h e r e a f t e r  determine i n  accordance 
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with formula (15) t h e  value o f  t h e  mean q u a d r a t i c  angle  of i n c l i n a t i o n  of t h e  

su r face .  

Such c a l c u l a t i o n s  were c a r r i e d  out f o r  a l l  measured diagrams of t h e  back- 

-scatter of Venus f o r  lengths  of waves X = 3.8; 12.5; 23, 43 and 70 cm. The 

r e s u l t s  o f  t h e  c a l c u l a t i o n s  a r e  presented  i n  Figures  9 ,  10, where t h e  depend- 

ences of  t h e  parameters C, C3, and 0 upon wavelength a r e  shown. a 

The quan t i ty  C, shown i n  Figure 9 ,  is a parameter forming p a r t  o f  t h e  

Hagfors formula f o r  t h e  approximation o f  t h e  diagram of t h e  back- sca t t e r  of t h e  

p l ane t  re la t ive t o  t h e  angle  o f - i n c i d e n c e  of  a beam.on t h e  su r face :  

In Figures  9 and 10 we show by means of  a dash - l ine  and unblackened symbols 

t h e  r e s u l t s  o f  t h e  c a l c u l a t i o n  of  t h e  parameters  C ,  C3 and ucl f o r  t h e  case  of  

t h e  absence of a t t e n u a t i o n  of r ad io  waves i n  the atmosphere of  Venus. 

5. Evaluat'ion of Resul t s  

A comparison of  t h e  frequency course of t h e  dependence of  mean quadra t i c  

angles  of i n c l i n a t i o n  of t h e  su r face  of  Venus f o r  a model without atmosphere, 

and f o r  an atmosphere having a p res su re  a t  t h e  s u r f a c e  around 100 atm, shows 

t h a t  : 

1. The observed diagrams of back- sca t t e r  o f  t h e  p l a n e t  may be  i n t e r p r e t e d  

through non-dependence of  t h e  mean q u a d r a t i c  angles  o f  i n c l i n a t i o n  o f  t h e  s u r f a c e  

upon wavelength i f  one does not  t ake  i n t o  account t h e  e f f e c t  of t h e  atmosphere 

(absorpt ion and r e f r a c t i o n ) .  If t h i s  i s  done, t h e  va lue  of t h e  mean quadra t i c  

angle  of i n c l i n a t i o n  of t h e  s u r f a c e  comes t o  about So, which is  somewhat greater 
than  for  t h e  s u r f a c e  of Mars (about 3") [45]  and less than  f o r  t h e  surface of the 
moon [43] with  measurements being made on t h e  same wavelengths.  

2. Taking i n t o  account t h e  effect  of  t h e  atmosphere p o i n t s  toward an 
inc rease  i n  t h e  va lue  of t h e  mean q u a d r a t i c  angle  o f  i n c l i n a t i o n  of t h e  s u r f a c e  

of  Venus as t h e  wavelength becomes s h o r t e r .  When A changes from 68 cm t o  3 . 8  

cm, u increases from 4 . 4  t o  7 ,0° .  According t o  s tudy  [28] ,  t h e  methods system 
c1 
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f o r  determinat ion of (5 which is  a t  i s s u e  a p p l i e s  t o  bases  o f  wavelength oTder 

10, yhich corresponds t o  a va lue  from 40 cm t o  10 m on t h e  s u r f a c e  of t h e  p l a n e t .  
a 
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Figure 1, 
Decimeter, and Meter Ranges. 

Effective Area of Scatter of Venus in Centimeter, 
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e o 9  degrees 

Figure 2. Diagrams of Back-Scatter of Venus (atmosphere taken 
i n t o  account). 
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Figure 5 .  
Relat ive Length of Course of Radio Beam L/H, upon Angle of Entry 
of Radio Beam i n t o  Atmosphere o f  Venus, eo. 

Dependence d f  Coef f ic ien t  of Refract ion E ' ,  and of 



Figure 6 ,  Dependence of En t i r e  Attenuation of  Radio Waves of  t h e  
Millimeter and Centimeter Ranges upon t h e  Angle of Entry of Radio 
Waves i n t o  the Atmosphere. 
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Figure 7 .  Dependence of  Attenuation of Radio Waves o f  t he  3- X Centimeter 
Range upon the  Angle of  Entry of Radio Waves i n t o  the  Atmosphere from t h e  
Upper L i m i t  of  t he  Atmosphere (Hmax = 100 km) t o  Al t i tudes  above the  Surface 

H = 0.10 and 20 km. 
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Figure 8. Diagrams of Back-Scatter of Surface of Venus. 
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Figure 9. 

f o r  Surface of Venus. 

Dependence of  Parameters C3 and C upon Wavelength 
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Figure 10. Mean Quadratic Angles of  Inclination of Surface of Venus. 
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